Sintering of Ag nanoparticles (NPs) is increasingly being used as a driving mechanism for joining in the microelectronics industry. We therefore performed molecular dynamics simulations based on the embedded atom method (EAM) to study pressureless sintering kinetics of two Ag NPs in the size range of (4 to 20 nm), and sintering of three and four Ag NPs of 4 nm diameter. We found that the sintering process passed through three main stages. The first was the neck formation followed by a rapid increase of the neck radius at 50 K for 20 nm particles and at 10 K for smaller NPs. The second was characterized by a gradual linear increase of the neck radius to particle radius ratio as the temperature of the sintered structure was increased to the surface premelting point. Different than previous sintering studies, a twin boundary was formed during the second stage that relaxed the sintered structure and decreased the average potential energy (PE). The third stage of sintering was a rapid shrinkage during surface premelting of the sintered structure. Based on pore geometry, densification occurred during the first stage for three 4 nm particles and during the second stage for four 4 nm particles. Sintering rates obtained by our simulation were higher than those obtained by theoretical models generally used for predicting sintering rates of microparticles.
Introduction
Ag nanoparticles (NPs) have been extensively used for development of lead free soldering materials, 1) wire bonding 2) and in construction of nano scale devices. 3) Some of these applications require the Ag NPs to sinter in order to achieve joining with other structures. Generally, sintering of NPs occurs at much lower temperatures than microparticles and might be driven by more than one mechanism such as surface diffusion, grain boundary diffusion, lattice diffusion, mechanical rotation, plastic deformation, and evaporationcondensation. 4) In prior work, sintering studies on NPs were numerically performed on Au, 5, 6) Cu 6, 7) and Ni 8) and experimentally on ZrO 2 9) and showed enhanced sintering rates due to higher diffusion coefficients for nano-sized materials and a large driving force of sintering, which is caused by high curvature of the NPs surfaces. Generally, sinterability of two particles is measured by the change in the neck radius to particle radius ratio (x/r) or by shrinkage ([4r ¹ L]/4r). 10) As shown in Fig. 1 , r is the particle radius, x is the radius of the formed neck between the two NPs, and L is the final length of sintered NPs.
Traditionally, sintering is characterised by three stages. The first is neck formation between two particles followed by a rapid increase in the neck radius. The second is gradual increase in the neck radius and the third is densification of the structure. 11) However, the previously developed sintering theories were based on sintering of microparticles and may not be valid for NPs. 10 ) Thus, we have used our own linear scaling parallel molecular dynamics (MD) code to simulate the sintering process of Ag NPs in the size range of (4 to 20 nm).
12) The code allowed us to utilize multiple processers simultaneously and hence to simulate relatively large NPs. We have found that sintering of two NPs passed also through three main stages. The first stage confirms previous sintering studies and was characterized by neck formation and rapid increase in the neck radius, which occurred at 50 K for 20 nm particles and at 10 K for smaller particles. The second stage was linear gradual increase of the neck radius to particle radius ratio (x/r) as the temperature increased toward the surface premelting point of the sintered structure. A twin boundary was formed during this stage, which relaxed the sintered structure and decreased the average potential energy (PE). Based on pore geometry, we found that densification occurred during the first stage for three 4 nm particles and during the second stage for four 4 nm particles. We showed that the third stage was characterized by rapid shrinkage of the structure and was driven by the surface premelting of the sintered structure. Our results showed higher sintering rates than those predicted by previous theoretical models for microparticles.
Theoretical Methods

Computational methods
The Ag atoms in each NPs were arranged based on FCC truncated Marks decahedra (Dh) structure that defines planes (100) and (111) as surface facets.
13) The simulation of the sintering process of the NPs was based on the Voter-Chen version 14) of the embedded atom method (EAM) potential. 15) We implemented Hamming forth order predictor corrector with a step size of 2 femto seconds, which was found to be precise enough to guarantee conservation of the total kinetic energy (KE) within an accuracy range of 0.030.15%. Prior to heating, each NP was relaxed at 300 K (room temperature) for 20 pico seconds. The initial velocities of atoms in the NPs were generated according to the Maxwell-Boltzmann distribution. The temperature of the system was calculated via the equibarition theorem. Heating of NPs was then gradually applied by increasing the average KE of all atoms based on the ratio between the target temperature and the present temperature. The holding time of the structure at each temperature was 20 ps. The temperature of the structure was calculated by the following equation
where k is the Boltzmann constant, E k is the total kinetic energy of the atoms in the NP, and N is total number of atoms in the NP. The heating process was started at 10 K and then periodic heating with a temperature step of 50 K was applied to the sintered structures in a range of temperatures (50 to 1675 K) except for the range of (825 to 1275 K) in which the temperature step was reduced to 10 K to capture the effect of surface premelting on the sintering behavior. The initial temperature in this range is less than the surface premelting temperature of a 4 nm particle (977 K), while the final is higher than the melting point of the bulk (1235 K). 16 ) Atomic arrangements of the NPs during the heating process were shown by plotting three atomic planes at the center of sintered structure.
Analytical methods
Sintering can be driven by various mechanisms such as surface diffusion, grain boundary diffusion, and lattice diffusion. Diffusion coefficients of NPs are size and temperature dependent and can be calculated by the following equation. /s) for volume diffusion, 18) E(¨) is bulk activation energy and is equal to (E(¨) = 2.661 © 10 5 J/mol), (E(¨) = 9 © 10 4 J/mol), and (E(¨) = 18.5 © 10 4 J/mol) for surface diffusion, grain boundary diffusion, and lattice diffusion, respectively, 18) S vib (¨) is the vibrational component of melting entropy of the bulk and is equal to 7.98 J/mol.K, 19) r o is the radius of NP at which all atoms are located on the surface and is equal to 0.96 nm for Ag, 20) and R is the universal gas constant (8.314 J/mol.K).
Rates of sintering can be determined based on the change in neck radius to particle radius ratio (x/r), which can be calculated by the following equation:
where t is the sintering holding time, B is a temperature dependent sintering function, the values of n and m vary based on the sintering diffusion mechanism. If sintering is driven by surface diffusion, eq. (3) becomes
where ¤ is the surface layer thickness and is estimated as 0.3 nm for Ag, 18) D s is the surface diffusion coefficient calculated by eq. (2), £ sv is the bulk solid-vapor interfacial surface energy and is estimated as 1.14 J/m 2 for Ag, 22) and ³ is the molar volume (10.3 cm 3 /mol for Ag). If sintering is driven by grain boundary diffusion, eq. (3) becomes
where w is the grain boundary width and is estimated as 0.5 nm for Ag, 18) and D gb is the grain boundary diffusion coefficient, which can be calculated by eq. (2). For lattice diffusion sintering, eq. (3) becomes
where D l is the lattice diffusion coefficient calculated by eq. (2).
Results and Discussion
Figure 2 shows average potential energy (PE) values and atomic plots during heating of two 4 nm particles. It can be clearly seen that the PE curve in Fig. 2(a) passed through three stages. A gradual increase in the average PE values during the first stage was followed a by higher rate of increase during the second stage. During the third stage, the rate of increase in the PE values significantly decreased but was still slightly higher than the first stage. The first, the second, and the third stage are associated with solid phase, melting process, and liquid phase, respectively.
16) The atomic arrangements during the sintering process are shown in Fig. 2(b) and are of three (111) atomic planes at the center of the sintered structure. Crystallographic directions of ½ 101 and [110] are represented by blue and red arrows, respectively. Plot A in Fig. 2(b) shows the initial configuration at which the two particles were separated by 0.3 nm distance and miss-oriented by 30°. Once heating was started at point B, particle 2 rotated in anti-clockwise direction and formed a neck with particle 1. The rotation of particle 2 was to minimize the interfacial energy at the grain boundary (G.B.) formed at the neck between the two particles (grains). The neck radius increased as heating continued to point C, which resulted in formation of an edge dislocation (D.L.) inside particle 2 that climbed to the surface at point E. Dislocation climb during sintering has been discussed in previous studies and was attributed to either vacancy annihilation or sintering stress exceeding the yield stress at the sintering temperature. 10) At point E, a new grain was formed at the neck region that has slightly different ½ 101 direction than the ½ 101 directions inside the two particles. It is reasonable to deduce that the shear stress at the neck region has twisted this grain and formed a twin boundary (T.B.). The mirror crystallographic image on both sides of the twin boundary is a special characteristic of twin boundaries. 23) This process relaxed the structure and slightly reduced the slope of the PE curve as shown in Fig. 2(a) . As the temperature increased to point G, average PE values increased rapidly as an indication of surface premelting (S.M.) shown by amorphous regions in the atomic plot. The amorphous regions first appeared at highly curved regions of the surface, which confirms the curvature effect on melting of nanoparticles. 24) Rapid shrinkage only occurred during the melting process at the second stage of the PE curve. The two particles merged into one particle at point I, which is the melting point of the sintered structure. The slight change in the shape of the sintered structure between point A and C was due to the rigid rotation of the structure, which was also observed in the simulation domain during sintering of Au NPs. 5) Sintering of two NPs of 4 nm as well as larger particles was divided into three main stages shown in Fig. 3 . The first stage is shown in Fig. 3(a) and was formation of a neck between the two NPs followed by a rapid increase in neck radius to particle radius ratio (x/r) at 50 K for 20 nm particles and at 10 K for smaller particles. Rapid increase in the ratio was observed at the beginning of heating before the ratio became constant for all sizes of NPs. Figure 3 (a) also shows a slight increase in the neck radius to particle radius (x/r) as the temperature is increased to 100 K. Sintering of smaller Ag clusters was confirmed by MD simulation at 0.01 K and experimentally by transmission electron microscopy (TEM) at room temperature for Ag nanowires. 25, 26) According to the author's best knowledge, sintering of NPs has not previously been experimentally examined below room temperature although it could be performed on a TEM stage cooled by liquid Nitrogen. The second stage of sintering showed gradual increase in the neck radius to particle radius ratio (x/r) as the temperature of the sintered structure reached its own surface premelting point. The increase of this ratio was linearly fitted as shown in Fig. 3(b) . Figure 3(c) shows that sintering rates of two 4 nm particles and two 20 nm particles obtained by our simulation were higher than these obtained by theoretical models based on surface diffusion, grain boundary diffusion, and lattice diffusion. This is because the sintering process appeared to be driven by other mechanisms including mechanical rotation and dislocation climbing. Figure 3(d) shows the shrinkage rate of the sintered structure during the heating process. The shrinkage rate shows a small fixed value during the second stage of sintering and a rapid increase as the temperature reached the surface premelting temperature of the sintered structure. We characterize the rapid shrinkage between surface premelting point and melting point of the sintered structure as the third stage of sintering. The temperature regime in which the rapid shrinkage and melting occurred increased as the size of the NPs increased. This agrees with our previous work that suggested that the temperature regime at which melting of one single NP occurs increases as the size of the NP increases. direction by 30°. As heating of the NPs was started at point B, the three particles joined each other with a slight clockwise rotation of particle 1 to reduce the interfacial energy with the other two particles. Further heating to point C led to further rotation of particle 1, densification, and formation of a grain boundary at the neck region between particle 1 and particle 3 and a twin boundary between these two particles and particle number 2. The reduction of the surface area and the formation of the twin boundary have relaxed the structure and dropped the average PE values. Further increase in temperature to point D led to diffusion between particle 1 and particle 3, which subsequently merged them into one single grain. At point F, amorphous regions started to appear on highly curved regions of the surface as an indication of surface premelting, which led to shrinkage of the structure as heating continued up to the melting point of the structure at point I. Plots F, G and H showed that the twin boundary remained stable during the surface premelting. Figure 5 shows average PE values and atomic plots of four 4 nm particles during the heating process. The initial configuration of (100) plane at the center of the particles is shown in plot A with the blue and red arrows following [001] and [010] directions, respectively. The separating distance between the particles was about 0.3 nm. The four NPs joined each other and formed necks between them as heating started at point B. Further heating toward point C increased the neck radius, which subsequently caused formation of an edge dislocation (D.L.) at particle 3. Densification occurred at point D, at which the dislocation climbed toward the surface of the particle driven by sintering stress or vacancy annihilation. At point E, another dislocation was formed at particle 1 that climbed to the surface of the particle at point F, at which a twin boundary was formed within particle 1 and decreased the slope of the PE curve. The twin boundary extended to particle 3 as the temperature of the structure was increased to point G, which further relaxed the structure and decreased the PE values. Similar to the sintering process of two particles in Fig. 2 , the twin boundary was also formed and showed the crystallographic mirror on both sides of it. Melting and subsequent shrinkage of the sintered structure started at point H, at which amorphous regions started to appear on the highly curved regions of the surface. These amorphous regions extended toward the core of the structure to complete the melting process at point I. Similar to the case of sintering of three particles in Fig. 4 , the twin boundary remained stable during and prior to the melting process.
Sintering of three and four NPs showed a similar general trend and stages to sintering of two NPs. They started by forming grain boundaries at the neck region followed by neck growth, which was driven by different mechanisms such as mechanical rotation, forming a twin boundary or dislocations. The final stage started at the surface premelting temperature and caused the rapid shrinkage of the sintered structure. By comparing sintering process of three and four particles, we were able to clearly see the effect of pore geometry on the densification process. The three particles were densified at about 100 K while densification of four particles occurred at about 775 K. Both were driven by mechanical rotation, forming edge dislocations and twin boundaries within the sintered structure. Densification of two 4 nm Ag particles on Au substrate was confirmed by MD simulation at 523 K, which is within the temperature range of densification obtained here. 27) The sintering kinetics obtained here are different than previous sintering theories in two respects. 10, 11) First, densification was not characterized as the third and last stage of sintering. Instead, it occurred during the second stage, which was characterized by gradual increase of the neck radius to NP radius ratio x/r. Also, the temperature at which densification occurs was strongly dependent on the pore geometry. Second, we have characterized the third stage as liquid state sintering driven by surface premelting of the structure.
Conclusions
Sintering behavior of Ag NPs in size range of (4 to 20 nm) was studied via MD simulation based on EAM. Our results showed that sintering of Ag NPs occurred in three main stages and showed higher sintering rates than those predicted by theoretical models of sintering of microparticles. The first stage was neck formation and rapid growth of the neck radius to particle radius ratio (x/r) in temperature regime of (10 to 50 K) for all sizes of NPs. Second stage was characterized by gradual linear increase of the neck radius to particle radius ratio (x/r) as the temperature increased towards the surface premelting temperature of the sintered structure. Edge dislocations and a twin boundary were formed within the sintered structure during this stage. The formation of a twin boundary relaxed the structure and decreased the slope of the PE curve during the heating process. Rapid shrinkage of the sintered structure occurred during the third stage and was initiated at the surface premelting temperature and was driven by further melting of the surface layer toward the core of the sintered structure. We have also found that pore geometry has a significant effect on the densification rate of the sintered NPs.
